Recent developments in NMR spectroscopy, which include new experiments that increase the lifetimes of NMR signals or that precisely define the orientation of internuclear bond vectors with respect to a common molecular frame, have significantly increased the size of proteins for which quantitative structural and dynamic information can be obtained. These experiments have, in turn, benefited from new labeling strategies that continue to drive the field. The utility of the new methodology is illustrated by considering applications to malate synthase G, a 723 residue enzyme, which is the largest single polypeptide chain for which chemical shift assignments have been obtained to date. New experiments developed specifically to address the complexity and low sensitivity of spectra recorded on this protein are presented. A discussion of the chemical information that is readily available from studies of systems in the 100 kDa mol wt range is included. Prospects for membrane protein structure determination are discussed briefly in the context of an application to an Escherichia coli enzyme, PagP, localized to the outer membrane of gramnegative bacteria.
INTRODUCTION Overall Goals
In the past decade, solution NMR spectroscopy has continued to evolve as a powerful tool for the study of biomolecular structure and dynamics. The development of multidimensional, multinuclear NMR spectroscopy (1) in parallel with new labeling methodologies (2) has significantly increased the size of molecules that are now amenable to NMR studies. The introduction of media for obtaining weak alignment of solute molecules (3) (4) (5) (6) (7) , along with new experiments for measuring the resultant residual couplings (8) , and chemical shift changes that accompany alignment (9) have facilitated the measurement of powerful orientational restraints. This, in turn, has led to substantial improvements in the accuracy of NMR-derived structures, especially in cases where only low densities of other restraints are available (10) . The development of transverse relaxation-optimized spectroscopy (TROSY) experiments (11, 12) in which the lifetimes of NMR signals are substantially increased has significantly impacted the size limitations that have plagued NMR studies of macromolecules in the past. These advances in concert hold the promise for many interesting applications involving a wide range of biochemical systems.
The new methodologies have been described in detail in a series of reviews, and the interested reader is referred to the literature (1, (12) (13) (14) (15) (16) (17) (18) (19) (20) . In this review, we choose to not be comprehensive and to not focus on what has been reviewed previously. Instead, we concentrate primarily on one protein that our laboratory has studied over the past several years, malate synthase G, MSG, and illustrate concepts and approaches using this system. MSG is a monomeric enzyme, composed of 723 residues (82 kDa) (21) , and at present is close to a factor of two larger than other proteins that have been assigned by multidimensional NMR methods. Experiments that work well for proteins of 40 kDa fail, in some cases, for this large system, and in this review we describe new experimental approaches that circumvent such problems. As described below, MSG is a four-domain enzyme that binds a number of ligands. We present results from studies that measure the relative orientation of domains as a function of ligand, the thermodynamics and kinetics of ligand binding, as well as hydrogen exchange and site-specific dynamics. An application to the study of structure and dynamics of a membrane enzyme, PagP, (22) is also discussed; it illustrates how the new methodologies have also impacted the study of this important group of molecules. These examples provide the reader with a feel for the information that is available from NMR studies of large proteins and the strong complimentarity between results from NMR and X-ray crystallography. Building on the labeling strategies described herein, a methyl-TROSY experiment is presented that compliments TROSY spectroscopy of backbone amide correlations and promises to extend NMR studies further to even higher mol wt systems.
A Brief Introduction to MSG
MSG catalyzes the Claisen condensation of glyoxylate with an acetyl group of acetyl-coenzyme A (acetyl-CoA), producing malate, an intermediate in the citric-acid-cycle ( Figure 1a ). The abstraction of a proton from the methyl group of the acetyl-CoA thioester presents both a kinetic and a thermodynamic challenge for the weak bases that are typically available in proteins, and it has led to an interest in structural studies of this enzyme. The crystal structure of MSG complexed with magnesium and glyoxylate has been solved at a resolution of 2.0 Å (21) . As illustrated in Figure 1b , MSG is composed of four main domains: (a) a centrally located core domain of the molecule based on a highly stable ␤8/␣8 barrel fold, (b) an N-terminal ␣-helical clasp linked to the first strand of the barrel by a long extended loop, (c) an ␣/␤ domain appended to the molecular core, and (d) the C-terminal end of the enzyme consisting of a five-helix plug connected to the barrel by an extended loop. The active site of the enzyme is located in a cleft at the interface between the C-terminal plug and loops at the C-terminal ends of several of the ␤-strands of the core barrel (21) . In order to complement the existing crystallographic structural studies on the glyoxylate-bound state of the enzyme, our laboratory has initiated studies on the apo form of the protein, as described in detail below.
BACKBONE AND SIDE CHAIN ASSIGNMENTS IN LARGE PROTEINS Backbone Resonance Assignments
A first step in any detailed study of protein structure and/or dynamics involves backbone resonance assignments. That is, the frequency of absorption of each NMR active spin along the backbone must be determined to be used subsequently as an "atomic signature," which identifies each site in the protein. A number of important developments in the past decade have led to a significant increase in the size of macromolecules for which backbone resonances can be obtained. A major advance in this regard has been the use of highly deuterated were obtained from PDB accession code (1d8c) (21) . Reproduced with permission from Tugarinov & Kay (48) .
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TUGARINOV y HWANG y KAY protein samples, leading to attenuation of the relaxation rates of NMR active nuclei and concomitant sensitivity and resolution gains in spectra (15, 16, 23, 24) . Another important contribution has been the development of 1 HN- 15 N TROSY (11) in which the components of 1 HN and 15 N signals that relax slowly in macromolecules at high magnetic fields are selected. TROSY experiments are also best conducted with samples that are highly deuterated. Not surprisingly, sample preparation is one of the key (and most time consuming) steps in any NMR study of a large protein. Many of the issues have been reviewed previously (15) ; aspects of sample preparation that required new approaches in the case of MSG are discussed below.
IN VITRO REFOLDING OF LARGE PROTEINS OVEREXPRESSED IN D 2 O-BASED MEDIA
Overexpression of proteins in pure D 2 O using [ 2 H, 13 C]-D-glucose as the main carbon source leads to the production of perdeuterated proteins, with deuterium incorporation also at exchangeable backbone and side chain positions. Although subsequent protein purification and sample preparation steps are normally conducted in 1 H 2 O over the course of several days, 2 H 3 1 H exchange may be incomplete for amides in very stable structural motifs. Because state-of-the-art NMR methodologies for protein backbone assignments rely on a high occupancy of protons at the amide sites, incomplete 2 H 3 1 H exchange can lead to severe losses (or total absence) of NMR signals (25, 26) . This problem necessitates the development of efficient protocols for unfolding/refolding of proteins in 1 H 2 O in order to achieve complete exchange in a reasonable time frame.
In order to demonstrate the importance of unfolding/refolding in the case of MSG, a fully protonated sample of the protein was dissolved in D 2 O at 25°C and 1 HN-15 N TROSY-HSQC spectra were recorded over a period of 2 months. Approximately 120 backbone amides remained protonated after 7 days, and roughly 70 were not completely exchanged after a period of 6 weeks. Although near complete backbone assignments were reported for a number of large systems without the need for refolding (27) (28) (29) , these studies involved proteins composed of several noncovalently linked identical units. The molecular core of each of these relatively small units may be less stable and/or more accessible to solvent than that of a large monomeric molecule.
In vitro refolding of large multidomain proteins is problematic due to complex and poorly understood thermodynamics and kinetics of the folding process (30 -32) . Several methods are commonly in use; these include (a) unfolding the protein with denaturant (6 M GuHCl or urea) followed by slow refolding using dialysis, (b) refolding His-tagged proteins on a metal-affinity column using a gradient with decreasing denaturant concentrations, or (c) partial protein denaturation (ϳ2 M GuHCl) followed by fast dilution refolding. The latter approach was used previously for NMR studies of perdeuterated MBP in our laboratory (25) . However, in the case of MSG, these methods failed to provide sufficiently high yields of refolded protein (26) . In contrast, complete denaturation of MSG with 6 M GuHCl and subsequent fast dilution refolding into a denaturant-free 111 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS buffer gave refolding yields of 60 Ϯ 15% (26) . Rapid dilution from a fully unfolded state was necessary to avoid the aggregation and ensuing precipitation that occur if a partially denatured state is allowed to accumulate. For multidomain proteins with less favorable refolding properties, it may be necessary to resort to refolding chromatography with immobilized minichaperones (33) or to a fast dilution method with the addition of nondetergent sulfobetaines (chemical chaperones) (34) . In some cases the addition of binding substrates (small molecules or metal ions) and/or protein stabilizing agents (e.g., sucrose and trehalose) to the refolding medium can help to stabilize the folded state, thereby minimizing aggregation of partially folded intermediates (35) . Once refolding is complete, the structural integrity of the protein can be established by comparing peak positions in 2D 1 HN-15 N correlation spectra with the subset of peaks appearing in spectra of protein that has not been refolded.
BACKBONE ASSIGNMENTS OF LARGE PROTEINS USING 4D TROSY
The complete backbone assignments of a number of systems of high-mol wt but in which the spectral complexity is moderate have been reported in the past several years. Included in this list is the 110 kDa homo-octameric protein, 7,8-dihydroneopterin aldolase (27) , as well as a number of 8-stranded ␤-barrel membrane proteins, OmpX (36, 37) , OmpA (38) , and PagP (22) dissolved in lipid detergents, with effective mol wt in the 50 -60 kDa range. In the case of MSG, both the high-mol wt and the large number of residues (723, correlation time of 37 ns at 37°C) necessitated the use of four-dimensional (4D) TROSY (26) . In the design of these experiments, special care has been taken to optimize sensitivity. When one considers that a 1 mM solution of a 100 kDa monomeric protein consists of ϳ10% by weight protein, it is clear that for many systems it will be necessary to record spectra at concentrations significantly below 1 mM. Concentrations ranging from 0.5-0.9 mM were commonly used for MSG. Low concentrations, fast relaxing signals, and peak overlap contribute to the challenges associated with studies of large monomeric proteins.
A suite of 4D assignment experiments has been developed over the past several years to address the issues mentioned above. Initially a pair of 4D TROSY experiments were described; these included the 4D TROSY-HNCACO (providing correlations of the form [ C␣ (i), CO (i), N (i), HN (i)] and in some cases [ C␣ (i-1), CO (i-1), N (i), HN (i)]) and the 4D TROSY-HNCOCA (providing correlations of the form [ C␣ (i-1), CO (i-1), N (i), HN (i)]) (39) . Backbone chemical shifts are obtained by matching either 13 C ␣ -13 CO or 1 HN-15 N chemical shift pairs for different residues from these 4D data sets, as described in some detail below. Approximately 95% of the expected intra-and inter-residue correlations were obtained in HNCACO and HNCOCA data sets, respectively, of maltose binding protein at 5°C, where the overall tumbling time of the protein is 46 ns (39) . Later, these experiments were supplemented by the introduction of the 4D TROSY-HNCO i-1 CA i (providing correlations [ C␣ (i), CO (i-1), N (i), HN (i)] and in some cases [ C␣ (i-1), CO (i-1), N (i), HN (i)]) (40) and by 112 TUGARINOV y HWANG y KAY the use of the 4D 15 N, 15 N-edited NOESY (41, 42) , so that ambiguities arising in the course of the assignments could be resolved (see below). Backbone assignments of a dimeric form of the human tumor suppressor protein p53 (67 kDa homodimer, 279 residues) have been reported (28) , utilizing this array of four 4D data sets and a pair of 3D TROSY data sets that correlate backbone amide and side chain 13 C ␤ chemical shifts (39, 43) . These early studies demonstrated the utility of 4D-TROSY for the investigation of proteins with moderate numbers of residues. However, the full potential of this methodology is realized only in applications to systems of increasing complexity, such as MSG. Below we explain in some detail the process of resonance assignments in MSG using 4D TROSY NMR experiments (26) . Figure 2 illustrates the procedure for backbone resonance assignments for the segment of polypeptide chain in MSG extending from the amide of Ala 33 to the amide of Phe 35 (Figure 2a ). Prior to the start of the backbone assignment process, it is useful to simplify the 1 HN-15 N correlation map by recording a modified 2D HN(CACB) experiment in which only amide correlations of Ala and those residues immediately following Ala are selected (26) . The distinct Ala 13 C ␤ chemical shift makes this selection particularly straightforward. Alanine is one of the most abundant amino acids in protein sequences (the most abundant in MSG, 10.1%) and serves as a good starting point for resonance assignments. Figure 2b shows a region of such a spectrum in which correlations from only Ala residues (or, rarely, residues following Ala) are observed. Figure 2e -g shows slices from 4D data sets at the 1 HN(8.07 ppm)/ 15 N(121.8 ppm) shifts of Ala 34. In this case, the 4D HNCACO spectrum alone is not sufficient for the assignment of 13 C ␣ / 13 CO shifts of Ala 34 as there are five residues in MSG with approximately the same pairs of backbone amide shifts (five peaks in Figure 2g ). To choose the right correlation out of the five possibilities, 4D HNCOCA ( Figure  2e ) and 4D HNCO i-1 CA i (Figure 2f ) data sets are used. The 13 C ␣ / 13 CO chemical shifts of Ala 33 are known, so the 13 C ␣ shift of Ala 34 can be obtained by identifying a peak in the 4D HNCO i-1 CA i spectrum at the same 13 CO position as that of Ala 33 and a 13 C ␣ position different from that of Ala 33 (such a crosspeak is shown in blue in Figure 2f ). The assignment of the 13 CO of Ala 34 is then immediately obtained from the HNCACO slice ( Figure 2g ), thereby resolving the 
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TUGARINOV y HWANG y KAY fivefold degeneracy described above. In the absence of chemical shift degeneracies, the 13 C ␣ (54.3 ppm)/ 13 CO(178.9 ppm) chemical shifts of Ala 34 are sufficient to assign the amide shifts of Phe 35 from the 4D HNCOCA, Figure 2h . However, because of the threefold degeneracy of this pair of carbon shifts (three crosspeaks in Figure 2h ), the correct assignment can only be made with additional information. In this case, the ambiguity can be resolved using 1 HN-1 HN NOEs from a 4D 15 N, 15 N-edited NOESY data set ( Figure 2i ). The correct 1 HN, 15 N assignment for Phe 35 is shown in green in Figure 2h , which coincides with the position of the NOE crosspeak in Figure 2i marked with green crosshairs. Generally, a high degree of degeneracy among 13 C ␣ / 13 CO pairs of chemical shifts is observed, and the 4D NOESY data set is very helpful in these cases. In fact, a recent study indicates that NOE information may be essential for assignment of certain residues in MSG (44) . Typically, in ␤-sheets and loops, sequential 1 HN-1 HN NOE crosspeaks cannot be detected, and in cases of chemical shift degeneracy, assignments are made based on the connectivities from 3D TROSY experiments that correlate amide shifts with inter-or intraresidue 13 C ␤ shifts. The residues of MSG were connected sequentially, as described above, starting from Ala or Gly until another residue of an unambiguous type (one of Ala, Gly, Ser, or Thr) was reached. The connected stretches, e.g., Ala(Gly)-(X) n -Ala, were positioned in the MSG sequence taking into account residue-type information of all the intervening residues X based on 13 C ␤ chemical shifts.
In favorable circumstances, a single sample of the refolded [U-15 N, 13 C, 2 H]labeled protein is sufficient to record all NMR experiments mentioned in this section. The redundancy of information available from the combination of 4D and 3D data sets ensures a high degree of reliability of the resulting assignments.
COVALENT MODIFICATIONS AND SECONDARY STRUCTURE FROM HETERONUCLEAR

NMR DATA
Deviations of 13 C ␣ , 13 C ␤ , and 13 CO chemical shifts from mean random coil values corrected for deuterium isotope shifts can be used to predict the secondary structure of a protein on the basis of the chemical shift index of Wishart & Sykes (45) or using the database approach of Bax and coworkers (46) . In the case of MSG, the NMR-based secondary structure prediction was in good agreement with that derived from the X-ray structure (26) . In addition to secondary structure, which emerges from the initial assignments, it is also possible in some cases to observe rare covalent modifications of the polypeptide chain. Figure 3a illustrates an isoaspartyl linkage resulting from the deamidation of the side chain of an Asn residue via a cyclic imide intermediate (30) . In Figure  3b , strips from 3D TROSY-HNCACB (correlations primarily of the form [ C␣ (i)/ C␤ (i), N (i), HN (i)]) and 3D TROSY-HN(CO)CACB ([ C␣ (i-1)/ C␤ (i-1), N (i), HN (i)]) data sets have been used to distinguish between the expected -Asn(305)-Gly(306)-connectivity and the observed -IsoAsp(305)-Gly(306)connection. Crosspeaks involving 13 C ␣ and 13 C ␤ nuclei are of opposite signs in these spectra, illustrated in the HNCACB strip plot at the amide shifts of Asn 305, with the crosspeak of the carbon directly attached to the carbonyl carbon 115 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS ( 13 C ␣ , for a typical peptide bond) plotted positive (in all of the spectra in the Figure) . The compelling evidence that the regular -Asn-Gly-linkage does not exist comes from the negative sign of the crosspeak in the HN(CO)CACB spectrum at the 1 HN, 15 N shifts of Gly306 and the 13 C ␣ chemical shift of Asn 305. Conversely, the data of Figure 3b are consistent with the -IsoAsp-Gly-structure. Iso-linkages occur predominantly in Asn-Gly pairs (30) . Earlier, Chazin et al. (47) used 1 H NMR spectroscopy to confirm one such linkage in calbindin D 9k . Of special interest is the fact that the isoaspartyl linkage in MSG was identified 
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TUGARINOV y HWANG y KAY exactly in the middle of a flexible stretch (residues 300 -310) for which coordinates could not be determined by X-ray crystallography (21) . Two ␤-strands are predicted in this region from the chemical shift index, with the Asn 305-Gly 306 pair possibly forming a flexible ␤-hairpin connection between them. The unusual flexibility of this segment is supported by 15 N relaxation data (26, 48) and is likely to be a prerequisite for the formation of the cyclic imide intermediate.
Assignments of Side Chains in Large Proteins
The success of NMR methodology for assignment of backbone spins in proteins in the 100 kDa range has encouraged the development of new methods for assignment of side chains (49 -51) . A main strategy in our laboratory has been to focus on assignments of protonated methyl groups, specifically Ile(␦1), Leu, and Val methyls, in otherwise perdeuterated proteins. This labeling pattern preserves many of the important features of perdeuteration with respect to sensitivity gains in spectra, while maintaining a critical number of protons at important side chain positions for further studies of protein structure (52-54) and dynamics (55, 56) . 1 H-13 C correlation spectra of methyls are, in general, of high quality even in applications involving high-mol-wt systems (57) , because many of the transitions that contribute to methyl crosspeaks are long lived (58) and because the intensity of each correlation is derived from three degenerate methyl protons. The strategies for biosynthetic incorporation of protons into Ile(␦1), Leu, and Val methyl groups of perdeuterated proteins are well established (52, 53) . A concise overview of these biosynthetic methods is given below.
THE IMPORTANCE OF ␣-KETOACIDS AS BIOSYNTHETIC PRECURSORS FOR METHYL-CONTAINING RESIDUES IN PROTEINS
It has been long known that certain ␣ketoacids can serve as biosynthetic precursors of a number of methyl-containing amino acids (Ala, Ile, Leu, and Val) in proteins overexpressed in minimal media (59) . The list of ␣-ketoacids that are routinely used in our laboratory for a variety of applications is shown in Figure 4 . Addition of ␣-ketoisovalerate (compound I) to [D 2 O, 15 N, U-13 C, 2 H-glucose]-based minimal media for protein expression in Escherichia coli leads to the production of uniformly 15 N, 13 C, highly deuterated, Leu, Val methyl-protonated proteins (53) , whereas the addition of ␣-ketobutyrate (compound II) generates proteins with methyl protonation restricted to the Ile ␦1 position (52) . Typically, both ␣-ketobutyrate and ␣-ketoisovalerate are added to growth media to generate highly deuterated proteins with protonation at methyl positions of Ile (␦1), Leu, and Val.
In addition to selective methyl protonation in deuterated, uniformly 15 N, 13 Clabeled proteins, different labeling patterns involving side chains of Ile, Leu, and Val are possible by using some of the other precursors shown in Figure 4 . In an effort to produce proteins with 13 C only at methyl sites in a cost-effective manner for high throughput screening of ligands, the Abbott group (60) has developed synthetic methods for production of 13 C methyl-labeled ␣-ketobutyric and 117 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS ␣-ketoisovaleric acids, compounds III and IV in Figure 4 . An alternative and apparently even more cost-effective synthetic strategy for production of ␣-ketoacids with this labeling pattern using Grignard chemistry has been proposed recently by Wagner and coworkers (61) . Our laboratory has demonstrated that for 
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TUGARINOV y HWANG y KAY assignments of methyls in MSG a labeling strategy that makes use of compound VI in Figure 4 is particularly advantageous. Below we describe in detail optimal labeling strategies and recently developed NMR experiments for assignments of methyl groups in MSG, because standard approaches that have worked so well for smaller systems failed in this case.
ASSIGNMENTS OF Ile, Leu, AND Val METHYL GROUPS USING COSY-BASED HN-DETECTED
NMR EXPERIMENTS
The commonly used NMR approach for assignment of Ile, Leu, and Val methyl 13 C and 1 H resonances involves a transfer of magnetization originating on methyl groups to the backbone 13 C ␣ carbon using homonuclear 13 C-13 C Hartmann-Hahn mixing schemes (62) . Subsequently the magnetization is relayed through carbonyl spins to the amide nitrogens and protons for detection (63) (64) (65) (66) (67) . Because the backbone spins are already assigned, correlation of side chain and backbone chemical shifts immediately leads to the assignment of the side chain 13 C and 1 H spins. These experiments have been used for assignment of methyl groups in a highly deuterated maltose binding protein (MBP, 42 kDa) sample at 600 MHz and 37°C (25) and for assignment of methyls in a large number of smaller systems. Recently, 1 HN-15 N TROSY versions of these experiments were used by Wüthrich and coworkers (68) to assign methyl groups of the membrane protein OmpX in micelles (effective mol wt ϳ60 kDa). For larger systems and at higher magnetic field strengths, experiments that avoid the transfer through fast-relaxing carbonyl nuclei are attractive alternatives. However, the branch points in each of the side chain carbon scaffolds of Ile, Leu, and Val degrade the efficiency of 13 C m 3 13 C ␣ magnetization transfer. For example, consider Ile. Signal originating on 13 C m is transferred up the side chain. At the 13 C ␤ carbon, magnetization can go in one of two ways, 13 C ␤ 3 13 C ␣ or 13 C ␤ 3 13 C ␥2 . The former transfer is productive in the sense that only the signal transferred to 13 C ␣ will ultimately be detected, whereas the later transfer siphons off the signal. This bifurcation leads to a reduction in sensitivity of almost a factor of 2.5, which is unacceptable for applications to high-mol-wt proteins where signal to noise is limited in the first place. With this in mind, our laboratory has designed COSY-based experiments that transfer magnetization down the side chain for assignment of Ile methyl groups in large proteins (49) . Each transfer step is sequential in this approach, affording control over the flow of magnetization, unlike the case in TOCSY-transfer. This is possible for Ile because the chemical shifts of all 13 C spins at the branch point are well separated so that magnetization transfer from 13 C ␤ to 13 C ␥2 (unproductive) can be prevented by application of 13 C ␥2 -selective 180°pulses (49) . The efficacy of this approach was demonstrated on a sample of MBP at 5°C (correlation time of 46 ns, equivalent to ϳ100 kDa protein at 37°C) for which both the resolution and sensitivity were considerably improved over the more traditional TOCSY-based experiment (49) . Unfortunately, the approach described for Ile is not possible for Val and Leu side chains in which pro-R and pro-S methyls (and Leu 13 C ␥ spins) all resonate at similar frequencies. We have, therefore, modified the labeling protocol so that 119 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS proteins are produced with Val and Leu residues 13 C-enriched at only a single methyl site. This labeling strategy involves the use of ␣-ketoisovalerate 13 Clabeled (nonstereospecifically) at one methyl, while the other is of the 12 CD 3 variety (compound VI in Figure 4 ) to generate a linear 13 C spin system for these residues, effectively avoiding the problem associated with the branch point, described above. The gain in sensitivity that results outweighs the losses associated with the effective twofold dilution of the methyl groups (50) . A methyl protonated {I(␦1 only), L( 13 CH 3 , 12 CD 3 ), V( 13 CH 3 , 12 CD 3 )} U-[ 15 N, 13 (50) . Figure 5a -c illustrates the magnetization flow in the array of COSY-based HN-detected NMR experiments that have been recorded on MSG at 37°C (276 protonated methyl groups). Three-dimensional data sets containing correlations of the form [ Cm (i), N (i), HN (i)] and [ Hm (i), N (i), HN (i)] are generated (50) . Figure 5d ,e shows planes from these 3D data sets, extracted at the amide 15 N shift of Leu 202 and used to assign the 13 C and 1 H methyl chemical shifts of this residue. In order to ascertain which 1 H shift is to be paired with which 13 C, a high-resolution 1 H-13 C 2D correlation map is employed, Figure 5f ,g, showing clearly that only a single 1 H/ 13 C combination is possible. Using this set of experiments 90%, 55%, and 88% of the Ile, Leu, and Val methyls could be assigned in MSG (50) .
METHYL-DETECTED OUT-AND-BACK EXPERIMENTS FOR ASSIGNMENT OF Ile, Leu, AND
Val METHYLS IN LARGE PROTEINS
A drawback of the HN-detected experiments described above is that the net magnetization that can be transferred from the methyl to the amide site is effectively that associated with a single proton (rather than the reservoir from all 3 of the methyl protons) (50) . As an alternative, "out-and-back" experiments can be employed in which signal both originates and is detected on the methyl groups, circumventing losses associated with net transfer to amides (50) . The magnetization transfer steps in this class of Figure 6a -c. A single 3D data set with correlations of the form [ C␥,C␤,C␣ (i), Cm (i), Hm (i)] for Ile and Leu and [ C␤,C␣ (i), Cm (i), Hm (i)] for Val is obtained. Additional experiments can be performed to relay signal to the 13 CO spin and back, providing correlations of the form [ CO (i), Cm (i), Hm (i)]. As with the HN-detected experiments, these schemes benefit from Leu and Val-[ 13 CH 3 / 12 CD 3 ] isotopic labeling and from using selective pulses to prevent the transfer of magnetization from 13 C ␤ to 13 C ␥2 in Ile (50) . On average, sensitivity gains ranging from factors of 5 to 10 relative to the HN-detected data sets were observed for MSG (50) . Figure 6d -f shows 1 H m -13 C aliph and 1 H m -13 CO strips from the data sets described above for selected residues of MSG. The sequence-specific assignments of Ile, Leu, and Val methyls can be obtained by matching three 13 C frequencies ( 13 C ␣ , 13 C ␤ , and 13 CO) to those available from the compiled list of backbone and 13 C ␤ assignments. Note that, unlike HN-detected data sets, the methyl-detected experiments inherently contain information on 1 H-13 C connectivities within a given methyl group, simplifying the assignment process.
The high sensitivity of the methyl-detected experiments significantly reduces the requirements for both NMR instrument time and long-term protein stability. Less than a week of machine time was required to record all of these experiments on a 0.9 mM sample of MSG, whereas close to three weeks of NMR time was employed for the HN-detected experiments. On the basis of data from the methyl-detected data sets exclusively, 95% of Ile ␦1, 64% of Leu, and 93% of Val methyls could be assigned. Degeneracy in Leu 13 C ␣ / 13 C ␤ chemical shift pairs, lower sensitivity of the CO experiment, and strong scalar coupling between 13 C ␦ and 13 C ␥ nuclei in 15 Leu spin-systems precluded full assignment of Leu methyls. Combining the connectivities obtained in both methyl-and HN-data sets gave assignments for 95%, 88%, and 99% of Ile, Leu, and Val residues with a high degree of confidence. Finally, a 3D [ 13 C-F 1 , 13 C-F 2 ]-edited NOESY spectrum of a {L( 13 CH 3 , 13 CH 3 ), V( 13 CH 3 , 13 CH 3 )} U-[ 15 N, 2 H] MSG sample (mixing time of 30 ms) was used to obtain intramethyl NOE correlations. In addition to confirming our assignments, this data set was used to assign Leu methyls in cases for which assignment of only one of the two methyls was available via the through-bond experiments described above, owing to strong coupling effects for example. In this way, the number of Leu methyls that was assigned was increased to 91%. 
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NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS
STRUCTURAL AND DYNAMIC INFORMATION FROM NMR STUDIES OF LARGE PROTEINS
The chemical shifts assigned from the experiments described in the previous sections form the basis for NMR studies of biomolecular structure and dynamics. MSG is a particularly rich system for such studies. A high-resolution X-ray structure of the glyoxylate bound state has been published (21) , and thus a structural framework is available, on the one hand, to interpret dynamics and binding data that can be readily obtained from NMR. On the other hand, structures of other liganded states or of the apo state of the enzyme have not been determined, and NMR studies can provide insight into how the domains of the protein change in response to ligand binding. In this context, NMR can be used in concert with the X-ray structure to rapidly generate high-quality models of the protein in its different states. Below, we illustrate a number of applications involving MSG and establish that the same sort of quantitative studies that have to date been reserved for applications involving small proteins can also be performed on larger systems, albeit with some modifications to the existing methodology. Finally, a structural and dynamic study of the membrane enzyme PagP is presented, illustrating that in favorable cases the methodology can also be applied successfully to small membrane proteins.
Domain Orientation in MSG from Residual Dipolar Couplings and Chemical Shift Changes Upon Alignment
Many spin interactions that contain useful structural (70, 71) and potentially dynamic information (72) average to zero for molecules that tumble in isotropic solution. The introduction of a small amount of molecular alignment (typically on the order of 0.1%) restores these interactions, at least partially, so that they can be easily measured (3) . In this case, the dipolar coupling between pairs of proximal NMR active spins is nonzero, and the magnitude of this coupling is related to the orientation of the vector connecting the spins in a molecular alignment frame (3, 71) . This dipolar coupling leads to peak splittings in spectra in a manner analogous to scalar couplings. A large number of experiments, including schemes optimized for applications involving high-mol-wt proteins, such as MSG (73) (74) (75) , have recently been developed to facilitate the measurement of such couplings. Chemical shift changes upon alignment also provide structural information that is complementary to that derived from dipolar couplings (76 -79) . Because in both cases information is obtained that relates orientations of bond vectors or axis systems (chemical shift tensors) to a single molecular frame, the couplings or shift changes measured provide particularly powerful structural restraints.
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TUGARINOV y HWANG y KAY The 1 HN-15 N dipolar coupling ( 1 D H-N ) is by far the largest of those accessible in uniformly deuterated, 15 N, 13 C-labeled proteins, and a total of 415 such couplings ranging from Ϫ40 to ϩ35 Hz have been measured for the apo form of MSG (48) . These couplings were supplemented by 320 13 CO chemical shift changes that occur upon alignment. A number of important technical issues emerge in these measurements concerning the application to large proteins, and the interested reader is referred to the literature (48, 73, 74) .
In the case of MSG, our goal was to use these restraints to understand how the domains in the enzyme change orientation in response to ligand binding. In particular, it was believed that the position of the C-terminal domain of the protein might differ in apo (open) and substrate-bound (closed) states of the molecule (21) . Earlier circular dichroism studies of both yeast and maize malate synthases indicated that significant conformational changes likely occur in the enzyme upon ligand binding (80, 81) . Domain reorientations that occur upon ligand binding in pyruvate kinase (82), a close structural analogue of MSG, have been observed from X-ray studies (83) . In addition, dimeric citrate synthase (84) that possesses a totally different fold but catalyzes a similar reaction, undergoes a large conformational change in which its smaller domain rotates from the main body of the dimer by ϳ18° (21, 84) .
It is straightforward to use the dipolar couplings and chemical shifts recorded on the unligated protein to reorient the domains from the X-ray ligated state to the solution apo conformation. Using the X-ray structures of the domains on an individual basis, molecular alignment frames were determined for each domain by minimizing the difference between measured couplings and those calculated on the basis of the structure of the domain. Figure 7 compares calculated couplings obtained using the glyoxylate-bound X-ray structure versus experimental couplings from the apo solution state for each of the four domains in the protein (see Figure 1 ). The excellent correlation in all cases indicates that the intradomain structures of the glyoxylate-bound and apo forms of the protein are the same. Also included in the Figure are the Euler angles, {␣, ␤, and ␥} that effectively describe the transformation from the domain orientation described by the X-ray structure to the solution orientation. Of note, Euler angles from the four domains are equivalent to within experimental error. Therefore, contrary to predictions based on earlier studies with E. coli MSG and related proteins, the domain orientations in the apo form are not significantly different from those in the glyoxylate-bound structure determined by X-ray crystallography (21) . The correlation between experimentally measured carbonyl chemical shift changes and those calculated from X-ray coordinates of the MSG-glyoxylate complex for the whole molecule ( Figure 7e ) and for the C-terminal plug (Figure 7f ) confirm the conclusions of the dipolar coupling analysis. Thus, the gross features of the enzyme do not change upon ligand binding; much more subtle structural changes are involved. In an attempt to characterize these changes as well as the kinetics and thermodynamics of ligand binding, we 125 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS have measured a variety of NMR parameters that are sensitive to motions spanning a wide range of timescales.
Quantitative NMR Studies of Ligand Binding to MSG
NMR is a particularly powerful probe of ligand-induced structural and dynamical changes in macromolecules, and not surprisingly, large numbers of binding studies have been reported over a period of many years. NMR is also a powerful tool for determining the kinetic parameters of ligand binding not easily accessible by other methods (85) . Below we summarize the sort of information that can be obtained from studies of systems as large as MSG. 15 N spin relaxation measurements of apo MSG establish that the protein tumbles isotropically in solution, with correlation times for each of the domains ranging from 35 to 37 ns (37°C) (26) . The X-ray structure shows that all the domains in the glyoxylate-bound form make extensive surface contacts with the core of the molecule, with contact surface areas of ϳ2300, ϳ1330, and ϳ2000 Å 2 between the core and the N-terminal, ␣/␤, and the C-terminal domains, respectively. These close contacts contribute to the overall globular shape of the enzyme and ensure that the molecule tumbles as a single entity, despite the fact that the domains are connected to the core of the protein through flexible linkers. 15 N T 1 values (related inversely to line width) have been measured for wellseparated peaks of the protein in the apo, pyruvate-bound (pyruvate serves as a glyoxylate-mimicking inhibitor of the enzymatic reaction), and pyruvate/acetyl-CoA-bound states, and these values are plotted as a function of residue number in Figure 8a -c. The relaxation times are homogeneous throughout the sequence for all forms of the protein, with the exception of several residues in loops and linkers (48) . Interestingly, the regions that are flexible on the ps-ns timescale in solution are also disordered in the crystal state (Figure 8d ). In order to establish whether slower processes might be affected by binding, hydrogen exchange with solvent was measured using 3D TROSY-HNCO type (86) exchange experiments (87) . The exchange rates of 28 amides could be quantified accurately (rates greater than ϳ3 s Ϫ1 ) and are shown in Figure 8e for the apo state of MSG. In general, regions with high exchange rates correlate well with those having elevated 15 
N RELAXATION AND HYDROGEN EXCHANGE IN Apo AND LIGAND BOUND FORMS OF MSG
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NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS are obtained for the various bound states of the protein. The absence of significant changes in hydrogen exchange and 15 N relaxation profiles suggests that the changes in dynamics that do accompany binding, like the changes in structure, are minor. Notably, there is not rigidification of the linker between the C-terminal domain and the molecular core, in contrast to predictions in the literature. Figure 9a illustrates a well-resolved section from the 1 HN-15 N TROSY-HSQC spectrum of apo MSG, with trajectories of peak displacements resulting from the titration of apo MSG with pyruvate, indicated with arrows. The equilibrium dissociation constants (K d ) of various MSG complexes can be determined from the shift changes that accompany ligand binding (48, 88) . The best-fit curves in both 15 (Figure 9a ). It is therefore straightforward to obtain quantitative estimates of the kinetic parameters of ligand binding by fitting peak line shapes as a function of added ligand. The exchange kinetics of binding were determined for both pyruvate and glyoxylate assuming that the binding process obeys a simple second-order reaction,
KINETICS AND THERMODYNAMICS OF LIGAND BINDING TO MSG
in which P, L, and PL denote free protein, free ligand, and complex, respectively. 
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NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS 0.8x10 6 and 1.5x10 6 M Ϫ1 s Ϫ1 and are slightly higher for glyoxylate, 1.5x10 6 -3.8x10 6 M Ϫ1 s Ϫ1 . These on rates are about two orders of magnitude lower than biomolecular diffusion-controlled rates (ϳ10 9 M Ϫ1 s Ϫ1 ) and are similar to values reported for substrates of many enzymes (10 6 -10 8 M Ϫ1 s Ϫ1 ) (30, 32) . The entry of ligands into the binding crevice of apo MSG might require subtle structural rearrangements consistent with a large number of small chemical shift changes 
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FUTURE PROSPECTS-DE NOVO STRUCTURAL STUDIES OF MSG
At this point we are well poised to attempt de novo structural studies of MSG. To this end NOESY data sets quantifying methyl-methyl, methyl-HN, and HN-HN distances are being recorded. These distance restraints will be used in concert with the 1 HN-15 N dipolar couplings and 13 CO shift changes upon alignment, which have been measured previously, to attempt to generate global folds of the enzyme. Figure 10 illustrates the quality of structures obtained using a similar approach for ␤-cyclodextrin-loaded maltose binding protein. In Figure 10a , the 10 lowest energy structures calculated on the basis of distance restraints of the type indicated above in combination with hydrogen bond and dihedral angle data are shown (54) , and Figure 10b shows the structures obtained when dipolar coupling data are included (77) . Of note, the relative orientation of the two domains in this protein differs by 10°between solution and crystal conformations (77, 89) , but in the apo-and maltotriose-loaded forms of the protein, the interdomain structures obtained from NMR and X-ray analysis are identical (90) . This emphasizes the importance of a method alternative to X-ray crystallography for structural studies of multidomain proteins (89, 91) .
Structure and Dynamics of Membrane Proteins by Solution NMR Spectroscopy-A Case Study of PagP
PagP is an outer membrane enzyme found in gram-negative bacteria that catalyzes the transfer of a palmitate chain from the sn-1 position of a phospholipid molecule in the inner leaflet of the outer membrane to lipid A, in the outer leaflet, forming hepta-acylated lipid A (92), Figure 11a . This modification confers resistance to certain antimicrobial peptides that are part of the host innate immune system (93) . In an effort to understand the catalytic mechanism of the enzyme as well as the potential role of dynamics in its function, NMR studies on this protein have been initiated.
EXPRESSION AND RECONSTITUTION OF PagP
Membrane proteins are notoriously difficult to overexpress, presenting a significant obstacle to structural studies. In some favorable cases, the membrane protein of interest can be made to accumulate in a misfolded form. For example, gram-negative bacterial outer membrane proteins require a signal sequence to direct them to the outer membrane. When the signal sequence is removed, the protein forms dense inactive aggregates within the cytoplasm (94) . Although nonfunctional expression is generally avoided due to problems associated with reconstitution, this is not a deterrent to solution NMR studies because unfolding and refolding are often required steps for working with large perdeuterated systems (see In Vitro Refolding of Proteins, above). In fact, this approach is the one that we used to obtain sufficient quantities of protein for the analyses described below.
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NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS A number of ␤-barrel membrane proteins have been successfully overexpressed and reconstituted (94) , making this class of membrane protein particularly attractive for structural work. Denatured PagP in 6 M guanidine hydrochloride could be refolded completely by rapid dilution into dodecylphosphocholine containing buffer, as monitored by CD spectroscopy. Samples of PagP in n-octyl-␤-D-glucoside were also prepared and studied, as described in Hwang et al. (22) . Recently developed lipopeptide detergents, amphipathic helical peptides fused to a long-chain fatty acid, are particularly promising for the study of membrane proteins (95) . Excellent spectra were obtained of PagP in one such detergent, LPD-14.
STRUCTURE DETERMINATION OF PagP
Once a well-folded and stable sample has been produced, there is still no guarantee that it will be amenable to NMR analysis. Fortunately, an 1 HN-15 N HSQC spectrum run on an 15 N-labeled sample is sufficient for determining whether it is worthwhile to continue with structural studies at this stage.
There are currently three solution NMR structures of multi-span integral membrane proteins, including OmpX (37), OmpA (38) , and PagP (22) . For all three, nonfunctional expression in highly deuterated, 15 N, 13 C media followed by reconstitution produced homogeneous samples of perdeuterated 15 N, 13 C-labeled protein, protonated at all exchangeable sites. In the case of PagP, backbone chemical shift assignments were carried out using conventional TROSY-based 3D NMR experiments (86, 97) . The 13 C ␣ , 13 C ␤ , and 13 CO chemical shifts obtained during the course of the assignment are very reliable indicators of secondary structure (45) , and empirically based programs, such as TALOS, can 
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Structural calculations for PagP were carried out using HN-HN NOEs, dihedral angle restraints, and hydrogen bond restraints, the latter established on the basis of hydrogen exchange experiments (22) . For many protein topologies this information is insufficient to accurately define global folds. However, in the case of ␤-barrels, cross-strand NOEs are extremely effective at constraining the structure. Figure 11b shows a ribbon diagram of PagP, with the residues important for catalytic activity highlighted. The active site is thus located at the extracellular membrane interface in an optimal position for interacting with the polar groups of lipid A. This also implies that phospholipids, which are located exclusively in the inner leaflet, must somehow migrate to the outer leaflet for the acylation of lipid A to occur, Figure 11a .
Although the barrel of PagP is well defined in the solution NMR structure, the N-terminal ␣-helix could not be properly positioned using only HN-HN NOEs and dihedral angle restraints. In this regard an approach based on selective methyl labeling (see above) might be useful, as described recently in the context of structural studies of OmpX (68) . Dipolar couplings (see above) would be of utility in reorienting the helical "domain" relative to the barrel. However, because the linker region T0 is ill-defined, restraints measured in a pair of alignment media would be necessary to uniquely define the helix orientation (99) .
DYNAMICS OF PagP BY NMR
A recent crystal structure of PagP in lauryldimethylamine oxide has shown that a detergent molecule is bound inside the barrel (G.G. Privé, personal commnication), very likely occupying the binding site for the phospholipid sn-1 acyl chain (92) . Moreover, because the active site resides in the center of the barrel, the ␤-strands of the enzyme must come apart somewhat to allow substrate entry. Studying the conformational fluctuations in PagP is key, therefore, to understanding its function.
The main advantage of high-resolution NMR over other structural techniques lies in its ability to measure how a structure changes as a function of time. Dynamic information on the ps-ns timescale can be obtained from 15 N spin relaxation experiments of the sort described above for MSG. The results of such a study are color coded on the structure in Figure 11b . There are three highly mobile clusters in the protein with ps-ns timescale motions (indicated by red). Correlations from amino acids in yellow could not be observed in HSQC spectra, suggesting that amide positions of these residues are dynamic on a s-ms timescale, while those residues colored in green have intensities that are attenuated, again pointing to dynamics in this time regime. Interestingly, regions with slow motions tend to localize to the extracellular loops, indicating that significant structural rearrangements are occurring here. Such conformational fluctuations may be important to allow substrate access to the active site. Still slower timescale motions can be studied from hydrogen exchange experiments. The results from all of the dynamics studies together suggest that entry of substrate 135 NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS into the barrel may occur by breaking contacts between strands A and B or between strands F and G. In this regard, it is of interest that both pairs of strands have a number of proline residues and therefore contain less than the maximal number of bridging hydrogen bonds.
TROSY IN METHYL GROUPS-NEW PERSPECTIVES FOR 1 H-13 C SPECTROSCOPY OF LARGE PROTEINS AND SUPRAMOLECULAR COMPLEXES
Brief Introduction
New technologies have recently emerged that hold promise for the qualitative study of structure and dynamics in supramolecular complexes. Particularly exciting in this regard are the experiments of Wüthrich and coworkers (100, 101) , based on the original work of Dalvit (102) , in which polarization is transferred between 1 HN and 15 N coupled spin pairs due to interference between 1 H chemical shift anisotropy and 1 HN-15 N dipolar interactions. These so called CRIPT and CRINEPT pulse schemes have been used to record 1 HN-15 N correlation maps of 15 N-labeled GroES in a GroES-GroEL complex (900 kDa) and to obtain information about the structure and the dynamics of the assembly (29) . The experiments described above focus on backbone positions of a protein.
It is of considerable interest to develop complementary approaches for studying side chains, and for reasons that should come as no surprise based on the discussion in the Section on Backbone and Side Chain Assignments above, we have targeted methyl groups as probes of structure and dynamics in this context.
The Methyl-TROSY Effect-A Qualitative Explanation
A detailed analysis of the eight transitions that contribute to 13 C magnetization in a methyl group and the 10 1 H transitions from which the 1 H signal is derived shows that the relaxation properties are not uniform. In the high-mol-wt limit and considering only the dominant dipolar contributions to relaxation, it can be shown that six of the eight 13 C lines are long lived and two relax rapidly (103, 104) . Conversely, 50% of the 1 H signal decays with a large time constant, with the other half rapidly dephasing (105) (106) (107) . The construction of a TROSY experiment for methyl groups is predicated, therefore, on designing a pulse scheme in which the fast relaxing transitions are isolated from those that relax slowly. This, of course, is the idea behind any of the amide-based TROSY pulse schemes as well. However, methyl groups are much more complex than 1 HN-15 N spin pairs, and initial attempts to design TROSY-based experiments for methyls in our group failed.
In a recent series of papers, it has been shown that the simplest of 1 H- 13 C correlation experiments, the HMQC pulse sequence (108, 109) , is an optimized TROSY experiment for methyl groups, with 1/2 of the resulting signal derived 136 TUGARINOV y HWANG y KAY 
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NMR OF HIGH-MOLECULAR-WEIGHT PROTEINS exclusively from the slowly relaxing transitions of both nuclei (58, 110) . That is, the slow (50%) and fast relaxing (50%) pathways are isolated (neglecting relaxation contributions from external 1 H spins). Conversely, the much more popular HSQC experiment (111) intermixes fast and slowly relaxing transitions so that only 3/16 of the net signal derives from coherences that relax slowly throughout the course of the experiment. More detailed explanations are given in the literature (58, 110) and are beyond the scope of the present discussion. Suffice it to say that the TROSY effect observed in methyl groups using the HMQC experiment results from the cancellation of dipolar (both 1 H-1 H and 1 H-13 C) fields in a manner that is completely magnetic field independent, so long as the system tumbles slowly ( C M Ͼ Ͼ1, in which C is the 13 C Larmor frequency and M is the tumbling time). Below, we compare spectra of regular HMQC and HSQC experiments recorded on two samples of large perdeuterated methylprotonated proteins at 5°C and illustrate some of the benefits described above.
EXPERIMENTAL VERIFICATION WITH HIGH-MOLECULAR-WEIGHT PROTEINS
As with 1 HN-15 N TROSY, the intensity of correlations in methyl-TROSY spectra are also sensitive to contributions to relaxation from external spins (58) . The experiments are thus best performed using highly deuterated samples. As an initial test of the methodology, perdeuterated protein samples (dissolved in D 2 O) were prepared with [ 13 C, 1 H]-labeled Ile ␦1 methyl groups. Proteins with this labeling pattern can be obtained using ␣-ketobutyrate [ 13 C, 1 H]-labeled at the methyl position (compound IV in Figure 4 ) and [ 2 H, 12 C]-D-glucose as carbon sources in D 2 O-based minimal media growths. Restricting protonation to Ile ␦1 sites ensures that the only external source of relaxation for a given methyl derives from other Ile ␦1 methyls in the protein. In the case of MSG, the average sum of effective distances from a given methyl to all external protons is ϳ5.5 Å using this labeling scheme, so that the majority of Ile methyls are well isolated. (58) . For comparison, both spectra are plotted at the same level, and it is clear that the HMQC data set has significantly higher sensitivity. A histogram of the ratios of signal to noise in HMQC and HSQC ™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™ 3
Figure 13
A comparison of a selected region of HMQC and HSQC spectra of U-[ 15 N, 2 H], MSG (samples are 0.71 mM), 37°C, 800 MHz, with Leu,Val methyl groups labeled as indicated. The average, normalized signal to noise ratio, ϽSNϾ N , for each spectrum is indicated. All spectra are recorded and processed identically and are shown with the same contour levels. Reproduced with permission from (113) .
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TUGARINOV y HWANG y KAY spectra recorded at 5°C, (I HMQC /I HSQC ) is shown in Figure 12e . On average, a gain in signal of a factor of 2.6 is noted in the HMQC data set. Figure 12c ,d demonstrates the improvements in sensitivity of HMQC versus HSQC methyl correlation maps that have been recorded on the U-[ 15 N, 2 H], Ile␦1-[ 13 C, 1 H]-labeled protease ClpP in D 2 O at 5°C. This complex consists of 14 identical subunits, each of 193 residues (total mol wt 305 kDa), with 16 isoleucines/subunit (112) . At 5°C, the rotational correlation time of ClpP in D 2 O is estimated in the 400 -450 ns range. At least 14 of the expected 16 correlations are counted in the HMQC spectrum of Figure 12c . As shown in the histogram of Figure 12f , sensitivity gains of correlations in HMQC relative to HSQC maps vary between a factor of 1.5 to 3.1 depending on the residue. Sensitivity gains lower than those theoretically predicted (58) may result from conformational heterogeneity (chemical exchange), which affects HMQC spectra to a greater extent than HSQC data sets. Indeed, significant line broadening was observed for several peaks in spectra of ClpP recorded at higher temperatures.
The high quality of HMQC spectra recorded at 5°C on the pair of systems described above suggests that methyl-TROSY will prove useful in the study of very large proteins and supramolecular complexes.
Optimal Isotopic Labeling Methods for TROSY in Methyl Groups
The labeling scheme involving selective protonation of Ile ␦1 methyl groups is of somewhat limited utility because only a single type of probe is available for structural and dynamical studies, and it would clearly be advantageous to include protonation at Leu and Val methyl sites. As described above, however, the introduction of protons comes at the expense of degrading the TROSY effect because the added protons are effective sources of external relaxation. In Leu and Val residues in which two methyl groups are side by side, intraresidue 1 H-1 H dipolar interactions are especially detrimental to the TROSY effect. With this in mind, a labeling scheme has been proposed in which each Leu and Val is labeled with one 13 CH 3 and one 12 CD 3 methyl (using compound V of Figure 4 ) (113). As we show below, the sensitivity loss associated with the twofold dilution of methyl protons in Leu and Val residues is significantly more than compensated for (both in terms of increased sensitivity and resolution) by the improved relaxation properties of the remaining NMR active methyls. Figure 13 shows selected regions of HMQC and HSQC data sets recorded on a pair of MSG samples (37°C, C ϭ 45 ns) with equal protein concentrations (0.71 Ϯ 0.05 mM). These include (a) a U-[ 2 H, 15 15 N] Leu,Val-[ 13 CH 3 / 12 CD 3 ] sample-both prepared using the appropriately labeled ␣-ketoisovalerate (compounds III and V in Figure  4 ). The average normalized signal-to-noise ratios (ϽSNϾ N ) for all well-separated correlations in the full spectra are indicated above each plot. A comparison of the panels b and d in Figure 13 establishes that the same benefits observed in HMQC data sets relative to the corresponding HSQC maps in the case of 140 TUGARINOV y HWANG y KAY Ile-protonated samples ( Figure 12 ) are also seen for samples with Leu and Val methyls labeled with [ 13 CH 3 / 12 CD 3 ]. Namely, the HMQC spectrum is of significantly better resolution with more than a factor of two improvement in ϽSNϾ N relative to its HSQC counterpart.
The HMQC data sets in panels a and b of Figure 13 show that despite the loss of a factor of two in concentration of NMR active methyls in the case of [ 13 CH 3 / 12 CD 3 ] Leu/Val methyl labeling, spectra are nonetheless of improved sensitivity and resolution relative to those recorded on Leu,Val-[ 13 CH 3 / 13 CH 3 ] MSG samples. The differences between HMQC spectra recorded on the two sets of labeled samples are even more pronounced for MSG at 5°C ( C Ϸ 120 ns) with an average ϽSNϾ improvement of close to a factor of two in favor of the Leu,Val-[ 13 CH 3 / 12 CD 3 ]-labeled sample. The proposed Leu,Val-[ 13 CH 3 / 12 CD 3 ] labeling scheme is, therefore, critical for the optimization of the methyl TROSY effect.
Simultaneous protonation of Ile ␦1 and [ 13 CH 3 / 12 CD 3 ]-labeling of Leu and Val methyls in deuterated protein samples is desirable to maximize the number of available methyl sites for NMR studies. Figure 14 shows a comparison of HMQC and HSQC correlation maps recorded on a U-[ 2 H, 15 N] Ile␦1-[ 13 CH 3 ] Leu,Val-[ 13 CH 3 / 12 CD 3 ] MSG sample at 5°C. A gain of 2.6 in ϽSNϾ and significant improvements in resolution are noted for the HMQC data set, with essentially no differences between Leu, Val correlations in spectra recorded on U-[ 2 H, 15 
CONCLUDING REMARKS
Recent developments in NMR spectroscopy have been highlighted through a discussion of their application to studies of a high-mol-wt single polypeptide enzyme, malate synthase G (723 residues, 82 kDa). Backbone 1 HN, 15 N, 13 C ␣ , 13 CO, and side chain 13 C ␤ assignments of the protein have been obtained from a series of 4D TROSY-based triple resonance experiments-the first step in any detailed analysis of protein structure and dynamics. These assignments have facilitated a quantitative study of domain orientation and dynamics as a function of a variety of ligands that bind to the protein. Near complete side chain methyl assignments have been made using new labeling schemes and pulse sequences with improved sensitivity and resolution. Studies of the dynamics of side chains and how such dynamics change in response to ligand binding are now also possible. Advances in solution spectroscopy of water-soluble proteins can be put to good use in the study of membrane proteins, illustrated here in the context of the determination of the global fold of PagP, an eight-stranded ␤-barrel membrane protein. Finally, TROSY, originally developed for amide 1 HN, 15 N spin pairs has been extended to 13 CH 3 methyl groups, so that both backbone and now side chain structure and dynamics can be probed in very high-mol-wt systems.
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